ABSTRACT: We have used liquid exfoliation of hexagonal Boron-Nitride (BN) to prepare composites of BN nanosheets of three different sizes in polyvinylchloride matrices. These composites show low levels of reinforcement, consistent with poor alignment of the nanosheets as-described by a modified version of Halpin-Tsai theory. However, drawing of the composites to 300% strain results in a considerable increase in mechanical properties with the maximum composite modulus and strength both ~3 higher than that of the pristine polymer. In addition, the rate of increase of modulus with BN volume fraction was up to 3-fold larger than for the unstrained composites. This is higher than can be explained by drawing-induced alignment using Halpin-Tsai theory. However, the data was consistent with a combination of alignment and strain-induced de-aggregation of BN multilayers. 
Introduction
The last few years have seen a resurgence in the study of polymers reinforced by 2-dimensional fillers. While clays have long been used to reinforce polymers, 1,2 graphene has recently surfaced as an extremely promising filler material, [3] [4] [5] due to its extremely high modulus (Y1 TPa) and strength (B130 GPa). 6 Critically, it has been shown that graphene is capable of providing reinforcement at close to the theoretical maximum. 7 More recently, attention has turned to other inorganic nano-fillers such as BN, MoS2 and WS2, many of which occur in all dimensionalities i.e. 2D, 1D and 0D. 8, 9 Such nano-materials (whether in 2D, 1D or 0D forms) have previously been used as fillers for composites, achieving improvements in a wide range of areas from thermal to tribological or adhesive properties. [10] [11] [12] [13] [14] [15] Importantly, the 2D forms of many of these materials have impressive mechanical
properties, [16] [17] [18] suggesting them to be ideal as reinforcing fillers in polymer-based composites.
Recently, it has become possible to mix these materials with polymers because of developments which allow large scale production of 2D nanosheets in liquids. [19] [20] [21] [22] [23] [24] In particular, hexagonal boron nitride (BN) nanosheets (BNNSs) are thought to have mechanical properties similar to graphene, 25 and so are of considerable interest as fillers for reinforcing plastics. 22, 26, 27 Of particular interest is the fact that BN nanosheets are electrically insulating allowing them to be used to improve the mechanical or barrier properties of polymers without modifying the electrical properties.
However, to our knowledge, BNNSs have demonstrated significant reinforcement (>25% increase in tensile modulus) in only two matrices: polyvinyl alcohol (PVA) 27 and polybenzimidazole. 26 Other matrixes such as epoxy, polymethylmethacrylate and polycarbonate have been studied but have shown somewhat lower levels of reinforcement. 22, 28, 29 It is entirely possible that the interfacial interaction between BN and these polymers is such that stress transfer is poor, rendering reinforcement ineffective.
Alternatively, it may be that the low observed reinforcement is associated with other effects such as aggregation or nanosheet orientation. This would be more interesting as such problems can potentially be eradicated through improvements in processing or posttreatments.
Specifically, we could imagine addressing both of these issues through the posttreatment technique of drawing. This technique is commonly used during polymer-fiber production and involves the stretching the fibers to strains of 200-500%, depending on the 3 polymer. This aligns the chains, increasing crystallinity and significantly improving the mechanical properties. This technique has been widely applied to composite fibers where, in addition to chain alignment, it tends to align the fillers in the direction of draw. [30] [31] [32] [33] [34] For a polymer reinforced with rod-like fillers, which are initially randomly orientated but become fully aligned in one direction by drawing, both strength and modulus can be increased by a factor of 8/3. 35, 36 This approach has also been applied to composites with 2D fillers, although fewer papers are available, all describing clay-filled composites. [37] [38] [39] [40] Nevertheless, these papers describe considerable increases in mechanical properties on drawing. Surprisingly, we have found no reports of drawing of composites containing graphene or BN nanosheets. In addition to inducing alignment, drawing may improve the aggregation state of the nanosheets.
Strain induced delamination or deaggregation has been observed for polymer-clay composites. 41 If this could be achieved during drawing of BN filled composites, it could be used to break up small aggregates or more completely exfoliate nanosheets -further improving the mechanical properties.
We believe it is worthwhile to examine the effects of drawing in composites filled with graphene or BN nanosheets. Using BN as the filler material has the added advantage that it will allow us to explore the possibilities of improving the reinforcement in matrices where results have previously been poor. In this work we have prepared composites of polyvinylchloride (PVC) filled with BN nanosheets. We find low levels of reinforcement in the as-produced composites which we attribute to lack of alignment of the nanosheets and possibly incomplete exfoliation of the BN. However, on drawing the composites to 300% strain we find a considerable increase in mechanical properties. This is attributed to improved alignment and possibly strain-induced exfoliation or de-aggregation.
Results and Discussion
The basis of this work is the ability to exfoliate h-BN crystallites by liquid exfoliation to give dispersions containing large quantities of nanosheets. 19, 21 These dispersions are ideal for further processing and composite formation. The reinforcement of composites depends strongly on the dimensions of the filler particles, specifically the length/thickness ratio. 7, 35 Liquid exfoliation techniques render selection of nanosheets by size straightforward. 42 We have used centrifugation-based size selection techniques to prepare BN dispersions with three different nanosheet sizes. While we expect the nanosheet lateral size to increase with decreasing centrifugation rate, it is necessary to perform TEM analysis to quantitatively 4 characterise the resultant nanosheet size distributions. Shown in figure 1A -C are typical TEM images of BN nanosheets prepared using centrifugation rates of 1500, 700 and 300 rpm respectively. These images clearly show few-layer nanosheets rather than BN monolayers.
Careful inspection of the flake edges 43 allows the estimation of the number of monolayers per nanosheet, N. For each sample, this showed the nanosheets to be 1-10 monolayers thick with mean values around N~4. We note that these values are very approximate due to the combined problems of subjectivity and the difficulty associated with resolving individual monolayer edges. However, this data does indicate the nanosheets to be relatively wellexfoliated. It is worth remembering that monolayers are not thought to be necessary for high degrees of exfoliation. Gong et al have shown that reinforcement using graphene is maximised for N~3, 44 implying that the nanosheets used here are potentially useful fillers.
More straightforward to estimate is the mean nanosheet length, L, which we determined by measuring the lengths (i.e. the long dimension) of >120 nanosheets for each sample. These data are shown as histograms in figure 1A -C (right). We see considerable differences in the length distributions with the mean nanosheet length progressing from 0.4 to 1.0 to 1.9 m as the rotation rate was decreased from 1500 to 700 to 300 rpm.
Using polyvinylchloride (PVC) as a matrix and the BN dispersions described above, and modulus. However, the strain at break varied considerably from sample to sample with no apparent pattern. As such, we will not analyse it in this paper.
We plot the Young's moduli, Y, as derived from the stress-strain curves, as a function of BN volume fraction, Vf, in figure 3 . For each nanosheet length, the modulus increases roughly linearly with volume fraction before falling off at higher volume fraction. The falloff is usually attributed to nanosheet aggregation and has been observed before for both BN and graphene based composites. 7, 27, 37, 45, 46 We find that the maximum modulus observed in all cases was just over 1.5 GPa (figure 4A), only slightly above the value of 1.45 GPa for the asprepared polymer. We also measured the rate of increase of modulus, dY/dVf, as shown in figure 4B . This increased from ~100 GPa to ~250 GPa as L was increased from 0.4-1.9 m.
These values are rather low compared to values of dY/dVf~670 GPa previously reported for BN/PVA composites (L=1.3 m).
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To understand this behaviour, we analyse the data using Halpin-Tsai theory. 47 The
Halpin-Tsai equations describe the composite modulus, Y, as a function of the filler volume fraction, Vf, the moduli of filler, YF, and matrix, YM, as well as the platelet aspect ratio, L/t.
This particular model is appropriate when nanosheets are aligned in the plane of the composite and has been shown to describe composites of BN nanosheets in polymer matrices quite well. 27 Within this model, the composite modulus is given by
where
As we shall see below, the assumption that the nanosheets lie in plane is probably not appropriate here. We address this by following Krenchel's approach to fiber reinforced composites: We introduce an orientation parameter, o, which lies in the range 0o1, with o=0 representing the case where the fillers are aligned perpendicular to the applied load and o=1 representing the case where the fillers are aligned parallel to the applied load. 33, 34, 36 This, coupled with the approximations 48 
This expression is of course analogous to the modified rule of mixtures, 35 with a slightly different form of length efficiency factor to that given by shear-lag theory. Differentiating then yields an expression for dY/dVf:
To use equation 4, it is necessary to know approximately the value of YF. Boldrin et al quote a range of reported values for the tensile rigidity of BN nanosheets from 184 to 348 GPa nm. 18 Dividing by the effective thickness of a BN nanosheet (0.35 nm) gives a set of moduli in the range ~500 to ~1000 GPa. The midpoint of this range, 750 GPa is somewhat smaller than the modulus of graphene (~1000 GPa) even though we might expect these materials to have similar moduli. 6 However, Gong et al have shown that 2D fillers which consist of multilayered nanosheets have effective moduli for reinforcement which are somewhat lower that the monolayer value. 44 Thus 750 GPa is probably a reasonable estimate for the effective modulus of few-layer exfoliated BN when reinforcing a polymer matrix.
Using the fixed values of YF=750 GPa 25 and YM=1.45 GPa we have fit equation 4 to the asprepared composite data in figure 4B finding a good fit when o=0.50.25 and t=32nm
(dashed line). We note that a good fit could not be obtained when fixing o=1 implying that the BN nanosheets in these composites are not aligned in the plain of the films. This would at least partially explain why the values of dY/dVf found here are lower than in previous reports for BN-filled composites where the nanosheets were known to be aligned. 27 In composites with randomly aligned rod-like fillers, it is known that o=0.2. 36 However, due to the scope for multidirectional reinforcement by each nanosheet, we expect this number to be larger for nanosheets. Indeed, it has recently been calculated that, for composites filled with randomly orientated 2D fillers, o=0.38. 49 Thus, while the uncertainty in our o value is too large to be certain, it is likely that in these composites, the BN nanosheets are in an intermediate state 7 between being randomly orientated and aligned in the plane of the film. In addition, we note that the value of t found is somewhat larger than (although still within error) the value of t1.5 nm implied by the estimate of ~4 monolayers per nanosheet on average.
Once we know that the nanosheets are not well-aligned in the plane of the film, it is clear that the composite moduli could be increased by improving alignment. This can be achieved by drawing the composites as described below (see methods). In order to draw our BN/PVC composites, we applied a uniaxial strain of 300%. The elongation was then locked in by a combination of annealing and cooling. This procedure was applied to a range of volume fractions for composites filled with BN nanosheets of all three sizes. We measured the mechanical properties by tensile testing as before. Typical stress strain curves are shown in figure 2D alongside the undrawn data. It is clear from these curves that both modulus and strength can be enhanced considerably by drawing. In addition, the stain at break was generally reduced by drawing. However this data was very scattered so we will not analyse it here.
To assess this in more detail, we plot the moduli as a function of nanosheet volume fraction for all three composite types in figure 3 alongside the undrawn data. From this data, three clear effects of drawing can be seen. The modulus of the neat polymer increases from 1.45 GPa to 2 GPa, probably due to chain alignment. More interesting is the fact that the maximum modulus observed is roughly 2.75 GPa in each case (figure 4A), considerably higher than the undrawn case. Perhaps most interesting is the fact that the rate of reinforcement (dY/dVf, figure 4B ) is considerably higher than in the undrawn case, reaching 800200 GPa for the L=1.0 m sample. Interestingly, the fractional increase in dY/dVf (i.e.
the ratio of dY/dVf for drawn and undrawn samples) is considerably higher for the samples with smaller nanosheets ( figure 4C ). For example, drawing resulted in a 6-fold increase in dY/dVf for the L=0.4 m sample. However, because these smaller flakes displayed lower reinforcement to start with, the resultant dY/dVf is lower than that observed for the L=1.0 m sample.
The simplest explanation for these results would be that drawing resulted in the alignment of the nanosheets giving a value of o close to 1. However, the data does not support this explanation. We have plotted equation 4 on figure 4B , taking YF=750 GPa, 25 and t=3 nm as before but now using YM=2 GPa (as observed experimentally) and o=1 to simulate complete alignment (solid red line). We find that, while this line coincides with the L=1.9 m sample, it falls considerably below the data points for the L=0.4 and 1.0 m samples. This means that nanosheet alignment alone cannot explain the effect of drawing on the mechanical properties of these composites. While the additional contribution to modulus for the L=0.4 and 1.0 m samples is not understood, we describe an observation which may shed light on this issue. If we plot equation 4 on figure 4B with YF=750 GPa, YM=2 GPa and o=1 as before but this time with t=1.25 nm, we find a curve (red dashed line) which passes very close to the error regions of all three drawn data points. This means that the drawn data is consistent with a combination of complete alignment and a reduction of nanosheet thickness compared to the undrawn samples. We speculate that, during drawing, the complex flow fields within the composite can result in the application of local shear to nanosheets resulting in shear-delamination of the few-layer flakes and so a commensurate thickness reduction. We suggest that such shear-delamination can only occur for flakes which are initially misaligned and will not occur in an aligned composite. We note that such behaviour has previously been observed for clay-filled composites so it is not un-reasonable that it should occur here. 41 We have also measured the composite strength as a function of BN volume fraction for as-prepared composites and composites which had been drawn to 300% as shown in figure 5 . Here the behaviour is very similar to that observed for the moduli. The as-prepared composites displayed very slight increases in strength, with larger nanosheets giving marginally better performance. However, after drawing, in all cases both polymer and composite strength increased significantly. The polymer strength increased from 60 to 100
MPa, probably due to chain alignment as before. In addition, the degree of reinforcement increased significantly with the best performance displayed by the L=1.0 m sample which displayed a maximum strength of ~160 MPa for Vf~0.12%. This compares to a maximum strength of ~80 MPa in the undrawn composites.
As observed for the modulus, the strength saturates for both drawn and undrawn composites. In the drawn samples, the strength saturated for values of Vf above 0.1-0.2 %,
very similar to what was observed in the modulus data. However, for the undrawn samples, the strength saturates at values of Vf~0.02%, much lower than for the undrawn samples.
These results are interesting and may correlate with the strain-induced delamination suggested above. It is known that composite strength tends to more sensitive to the degree of dispersion of the nanofiller than the modulus. 50 This is because non-uniformities, such as 9 aggregates, tend to act as stress-concentrating centres, instigating early failure. It is possible that the first aggregates start to occur in the as-prepared composites at Vf~0.02%. These would predominately affect the strength resulting in the observed saturation. However, if drawing can exfoliate nanosheets due to local shearing as suggested above, it is likely that drawing can break up aggregates, This would remove the stress-concentration centres and allowing strength enhancement to persist to higher volume fractions.
In conclusion, we have prepared composites of PVC filled with BN nanosheets of various sizes. We find relatively low levels of reinforcement largely because of the nonaligned nature of the nanosheets. However, drawing the composites to 300% strain results in relatively large increases in both modulus and strength. These increases are too large to be explained solely by nanosheet alignment. We hypothesise that the additional reinforcement is due to strain-induced exfoliation or de-aggregation. We suggest that these methods are not just useful for BN composites but can be applied to composites filled with graphene or other 2D fillers.
Methods
As-supplied boron nitride powder (Saint Gobain h-BN, high purity, average crystallite size <50 micron) was added to 60 ml of N-methyl-pyrrolidone (NMP) at a concentration of 20 mg/ml. This mixture was sonicated for 48 hrs using a flat head probe sonic tip. This procedure is well known to yield good quality exfoliated BN nanosheets. 19 To remove any unexfoliated h-BN the dispersion was centrifuged (Hettich Mikro 22R) for 45 minutes and the supernatant, which contained the nanosheets, was collected. To control the nanosheet size, varying centrifugation rates were used (1500, 700 and 300 RPM). 42 In all cases, data is shown for as-prepared and drawn (300% strain) samples.
